The genome consists of the entire DNA present in the nucleus of the fertilized embryo, which is then duplicated in every cell in the body. A draft sequence of the chimpanzee genome is now available, providing opportunities to better understand genetic contributions to human evolution, development, and disease. Sequence differences from the human genome were confirmed to be ∼1% in areas that can be precisely aligned, representing ∼35 million single base-pair differences. Some 45 million nucleotides of insertions and deletions unique to each lineage were also discovered, making the actual difference between the two genomes ∼4%. We discuss the opportunities and challenges that arise from this information and the need for comparison with additional species, as well as population genetic studies. Finally, we present a few examples of interesting findings resulting from genome-wide analyses, candidate gene studies, and combined approaches, emphasizing the pros and cons of each approach.
INTRODUCTION
We provide an overview of recent knowledge regarding genomic differences between humans and chimpanzees and focus on some questions and opportunities arising. To ensure accessibility to a broad range of readers, the emphasis is on general concepts rather than technical details. The interested reader is encouraged to consult the literature cited and the sources in the sidebar Online Sources of Information Regarding the Chimpanzee Genome. At the outset, we also emphasize that the sequencing of a genome does not automatically provide any biologically interesting answers. Rather, the importance of genome sequencing for biology is similar to deciphering the Periodic Table of Elements for chemistry or finding the Rosetta Stone for linguistics: It provides only the much-needed resource with which one can begin to ask ONLINE SOURCES OF INFORMATION REGARDING THE CHIMPANZEE GENOME 1. Special issue of Nature on the chimpanzee genome: http:// www.nature.com/nature/focus/chimpgenome/index.html 2. Chimpanzee Genome Resources at NCBI, NLM: http:// www.ncbi.nlm.nih.gov/genome/guide/chimp/ 3. An overview of chimpanzee genome sequencing at NHGRI (includes the original white paper proposals for the sequencing): http://www.genome.gov/11008056 4. Pan troglodytes Genome Browser Gateway at UC Santa Cruz: http://genome.ucsc.edu/cgi-bin/hgGateway?org= Chimp&db=0 5. Ensembl Chimpanzee Genome Server: http://www. ensembl.org/Pan troglodytes/index.html 6. The Human Genome Sequencing Center at Washington University School of Medicine: http://genome.wustl.edu/ genome.cgi?GENOME=Pan%20troglodytes 7. The Broad Institute at Massachusetts Institute of Technology and Harvard University: http://www.broad.mit. edu/mammals/chimp/ 8. The Human Genome Sequencing Center at Baylor College of Medicine: http://www.hgsc.bcm.tmc.edu/projects/ chimpanzee/ questions of interest in fields such as anthropology. Thus, although absolutely necessary as a starting point, human and chimpanzee genomic sequencing are only the beginning of a long road of exciting explorations.
EXPLAINING HUMAN UNIQUENESS
Anthropogeny-the study of the generation of man (Hooper Med. Dict. 1839) or the investigation of the origin of humans (Oxford Engl. Dict. 2006 )-is one of our greatest scientific challenges and is a subject of interest to most humans. Given the final goal, it seems reasonable to approach the problem in a human-focused manner, using information from all relevant areas of inquiry (Figure 1) . First, from where did we originate? Our closest living evolutionary relatives are the common chimpanzee (Pan troglodytes) and the bonobo (Pan paniscus) (Goodman 1999) . Combined molecular and fossil data suggest that the last common ancestor of humans within the chimpanzee-bonobo clade lived ∼6-7 Mya (Chen & Li 2001 , Brunet et al. 2002 . Our next closest living relatives are the gorilla (Gorilla gorilla, common ancestor ∼8 Mya) and the orangutan (Pongo pygmaeus, common ancestor ∼13 Mya). Comparisons between humans and these "great ape" hominids are useful in understanding human origins (Goodman 1999 , Klein & Takahata 2002 , Carroll 2003 , Olson & Varki 2003 , Gagneux 2004 , Ruvolo 2004 , Goodman et al. 2005 , Li & Saunders 2005 , McConkey & Varki 2005 , Varki & Altheide 2005 . The term great apes (including chimpanzees, bonobos, gorillas, and orangutans) is used here in the now colloquial sense because phylogenetic analysis of genomic information no longer supports this classical species grouping (Goodman 1999 )under the currently common classification, these species are now grouped together with humans in the family Hominidae.
The fossil record, consisting predominantly of fossils of human ancestors and related species, has provided extensive data regarding the evolution of human ancestors (Wood & Collard 1999) ; however, investigators have found only one known example of a fossil in the chimpanzee lineage (McBrearty & Jablonski 2005) . Additional clues arise from studies of the effects of environment and culture on the development and behavior of humans and other living hominids and comparative studies of the interactions of members of each species, particularly interactions between the two sexes, and between adults and developing progeny (Figure 1) . This review provides an update on one specific approach to anthropogeny: comparing the genomes of humans and chimpanzees.
WHY THE CHIMPANZEE GENOME?
The genome is the sum total of doublestranded DNA present in the nucleus of the fertilized embryo, and which is subsequently duplicated in every other cell in the body. Mammalian nuclear genomes are roughly three billion nucleotides ("letters") in length, duplicated into pairs of chromosomes. Whereas the human genome is divided into 23 pairs of chromosomes, the chimpanzee and other great apes carry 24 pairs. Along with the smaller amount of DNA in mitochondria, these sequences represent the genetic instructions to generate a human or a chimpanzee-of course, in complex interactions with the physical, biological, conspecific, and cultural environments. The past two decades have witnessed remarkable progress in sequencing and understanding the human genome and its variation among individuals. The fraction of the human genome that is amenable to sequence analysis was found to be 2.85 billion nucleotides in length, and millions of single nucleotide polymorphisms (nucleotides found to vary from one individual to another with a population frequency of 1% or higher) have been defined (Int. Hum. Genome Seq. Consort. 2004 , Consortium 2005 . Global variation between humans Single nucleotide polymorphisms: nucleotides found to vary from one individual to another with a population frequency of 1% or higher at the single nucleotide level has been estimated at ∼0.1%. The human genome carries a variety of repeated sequences, classified as short and long interspersed repeats, transposable elements (so-called jumping genes) such as retrovirus remnants, and satellite sequences (short, tandemly repeated sequences). Together these comprise more than 40% of the genome. Some 20-25,000 protein-encoding genes were found, but the coding regions of these comprise only ∼1% of the genome.
A logical follow-up was to sequence genomes of other related animals to better understand evolutionary biology and unique features of humans (Thomas et al. 2003) . The next genomes sequenced were those of mice and rats, experimental representatives of Rodentia, which also happens to be the closest evolutionary order within mammals to primates. The next phase proposed sequencing of primate genomes, and initial controversy developed regarding which genome would be most useful. Some favored an Old World monkey (VandeBerg et al. 2000) because such species had already been widely studied as biomedical models, and others favored the chimpanzee (McConkey et al. 2000 , McConkey & Varki 2000b , Varki 2000 . In reality, no single primate genome is sufficient to interpret the significance of human genomic differences (McConkey & Varki 2000a) , and sequencing of multiple primate genomes is currently underway. This review focuses on what we have learned from the draft sequence of the chimpanzee genome (Chimpanzee Seq. Anal. Consort. 2005) .
WHAT CAN GENOMIC COMPARISONS TELL US?
The essentially complete human reference genome (Int. Hum. Genome Seq. Consort. 2004) , coupled with the draft chimpanzee genome, allowed direct comparison of large fractions of these two data sets for interesting changes. Sequence differences were confirmed to be ∼1% in regions that could be precisely aligned (lined up against each other, indicating a common ancestral origin). This percentage represented ∼35 million single base-pair differences. A surprising finding was that an additional ∼45 million nucleotides of insertions and deletions were unique to each species, making the actual difference between the two genomes ∼4%. Britten (2002) actually predicted this earlier.
Defining differences in DNA and protein sequences has been of interest to evolutionary molecular biologists for decades, but the tools and data available did not allow the fine-grained and nearly complete analyses now possible. For example, one can align sequences for specific genes or regions of interest and catalog all the differences between human and chimpanzee. This in turn allows hypothesis generation regarding the effects of the nucleotide changes on the expression and function of genes and proteins. Traditionally, genomic differences were expected to result in one or more of three general types of humanspecific events: changes in the expression patterns or levels of the messenger RNA products of genes (King & Wilson 1975) , functionally significant changes in sequences of the protein or noncoding RNAs (Li & Saunders 2005) , or major changes resulting in loss-of-function of genes (Olson & Varki 2003 , Wang et al. 2006 . Multiple examples for each type of event have now been found, making moot the traditional arguments about which is the most "important" mechanism. Examples such as changes in brain gene expression, accelerated changes in gene sequences that may contribute to brain development, and in loss of gene function in protein glycosylation are each detailed below. The studies that led to these findings were each greatly aided by the human and chimpanzee sequencing efforts.
Larger-scale comparisons also allow recognition of genome segments that were lost or duplicated in one species compared with the others. These may not always be recognized in the current state of the chimpanzee draft, because it partly utilized the human sequence to direct its assembly. Regardless, abundant evidence demonstrates significant differences in this class of variation, with many known human duplications not found in the chimpanzee (Fortna et al. 2004 , Cheng et al. 2005 . Additional work demonstrated more than 200 genes in regions showing copy-number variation or inversion between human and chimpanzee. These large-scale changes could contribute to species differences through loss or gain of gene copies. Analysis of changes in the number and variety of genes in gene families is of particular interest because it offers evolution a relatively rapid avenue to adding and/or changing gene function without altering existing genes. Investigators have proposed that this mechanism accounts for a human-specific expansion of an interesting brain-expressed gene family found on chromosome 16, among others ( Johnson et al. 2001) . Population-level data can also reveal signatures of recent selection by comparing genetic loci suspected of influencing the current human phenotype. Demonstration that a novel variant in the human has been recently fixed in most or all sectors of the human population is an indication of a strong selective advantage. One example of this is the novel FOXP2 gene variant found in humans and absent from other primates (see below).
WHAT WILL GENOMIC COMPARISONS NOT TELL US?
As emphasized above, genomic comparisons cannot define functional consequences directly. As an example, the presence of nonsense (stop) or missense (amino acid changing) codons in several genes in the human genome has been detected by comparison with the draft chimpanzee genome. In each instance, the function may have been eliminated or modified in the human and retained in the chimpanzee. An excellent example is the gene encoding Caspase-12, an enzyme normally involved in programmed cell death. It has become inactive in the human (Wang et al. 2006 ). However, the evolutionary significance of this finding remains speculative, and the effect of such a modified gene product must be directly tested before any conclusion can be made. Likewise, nucleotide alterations predicted to alter the expression of a gene require validation by direct analysis of expression levels in intact organisms. With nearly 35 million nucleotide differences between the species (not including the tens of millions of nucleotides that are also added or deleted), the functional consequences of each change are not likely to be studied. Instead, candidate genes for likely involvement in humanspecific differences must be chosen using a variety of criteria (see below for examples).
One approach to candidate gene prioritization is based on differences in tissue expression patterns. Efforts to compare levels of mRNA expression between human and chimpanzee tissue samples have pointed to such candidate genes (Enard et al. 2002a , Caceres et al. 2003 , Gu & Gu 2003 , Hsieh et al. 2003 , Khaitovich et al. 2004 , Preuss et al. 2004 , Uddin et al. 2004 . Combining these data with comparative sequence information can suggest DNA alterations underlying expression changes, although this suggestion must be tempered by the potential for expression changes caused by differences in additional, regulatory gene products. Furthermore, the currently available genomic sequences are based on a small number of individuals (or in the case of the chimpanzee, mainly from a single individual at moderate resolution, and a few additional individuals at low resolution). Thus, apparent human-chimpanzee differences may actually represent population variation within a species. This problem has become less acute as additional data have been collected in many human genomes, but the potential remains for polymorphic variation in the chimpanzee population. In this regard, surveying the genomes of a minimum of 10 globally distributed humans can ensure a high probability that a given sequence is fixed . This minimum is likely to be higher for chimpanzees because of their greater level of intraspecific diversity (Gagneux et al. 1999 , Kaessmann et al. 1999 , Stone et al. 2002 , Yu et al. 2003 .
POTENTIAL PROBLEMS IN COMPARING TWO CLOSELY RELATED GENOMES
Comparing closely related genomes offers opportunities and also some challenges. One example can be found in the attempt to define "important" or functionally significant sequences. Evolutionary conservation of genomic sequences is usually interpreted as a signature of functional significance owing to selection against loss or change of the sequences. When genomic sequences are distantly related, the sequences that have remained closely related (conserved) are easily identified. Selection against loss or alteration of these sequences is the presumptive mechanism for their conservation. It is common to find that sequences that encode proteins (exons) are more conserved than are intervening sequences within genes (introns) or other nongenic sequences. However, sequences within introns or near conserved genes are often found to retain regulatory or other functions under selection. With the high level of identity found between human and chimpanzee, there is sometimes too much conservation for such functional differences to be clearly defined. This situation requires comparison with additional genomes (see below).
Another technical issue is the use of the reference human sequence to assemble the chimpanzee genome and the draft state of the latter sequence. Sequencing genomes to completion (high resolution definition of all nucleotides at >tenfold redundancy) is currently prohibitively expensive, but a significant fraction of the useful information regarding a genome can be determined by sequencing to draft levels, typically sixfold redundancy. This approach still leaves considerable gaps and regions of uncertain sequence. The chimpanzee genome has been determined at this level, but assemblies have been guided by the human www.annualreviews.org • Hominid Genomics sequence. This practice can result in errors arising from the assumption that the human and chimpanzee genomes are sufficiently similar as to lack major rearrangements. Finished sequencing is underway for two chimpanzee chromosomes (7 and Y) at the Washington University Genome Sequencing Center, but completion of the chimpanzee sequence to the standards of the current human reference sequence will likely not occur until sequencing costs are trimmed significantly.
IMPORTANCE OF OUT-GROUP GENOMES
Additional genome sequences are important for understanding whether the change occurred on the chimpanzee or on the human lineage because the state common to a more distant species is likely ancestral. In these instances, a not-too-distantly related common ancestor (e.g., orangutan) is best. One should also compare such "out-group" genome sequences to determine the likelihood that a change is functionally important. Here, a somewhat more distantly related out-group species (e.g., rhesus macaque) can be helpful. Such comparisons of gene and protein sequences within primate phylogeny have been done for several decades (Doolittle et al. 1971) , and the principles involved have not changed markedly with the introduction of whole genome analyses, with the exception that genome-scale data are now becoming available for many primate species. A draft sequence of the rhesus macaque Old World monkey (Macaca mulatta) has just been published (Rhesus Macaque Genome Seq. Anal. Consort. 2007) , and orangutan, gorilla, and marmoset New World monkey (Callithrix jacchus) genomes are in early stages. The recent announcement of plans to sequence the Northern white-cheeked gibbon (Nomascus leucogenys) completes representation of at least one nonhuman primate genome from each of the major lineages along the primate evolutionary tree. With the ability to compare genomes of such species, the interpretation of differences between human and chimpanzee will greatly improve.
GENOME-WIDE VERSUS CANDIDATE GENE APPROACHES
Investigators use two general approaches to utilizing the chimpanzee genome sequence. In the first, one surveys the entire chimpanzee genome and compares it with that of humans, looking for unique features and differences relevant to understanding human evolution. As discussed above, this genome-wide approach can be powerful, and useful generalizations can emerge, especially when combined with analyses of other out-group genomes. However, the large amount of information can also make it difficult to decide where to focus further efforts, or even result in "missing the trees for the forest." At the other extreme, the candidate gene approach involves selecting and studying one or more genes based on known or potential biological differences between humans and chimpanzees. The latter approach can be powerful if gene selection is based on some reasonably direct evidence, but it can also be misleading if based purely on a hunch. An intermediate approach is to explore an entire class of genes predicted to demonstrate significant differences between humans and chimpanzees. Some examples of each of these approaches are presented below.
EXAMPLES OF PROMISING RESULTS FROM GENOME-WIDE APPROACHES
Examination of genomic differences between humans and chimpanzees began when Yunis and coworkers explored differences in chromosome banding patterns between humans and great apes (Yunis & Prakash 1982) , defining large lineage-specific chromosome rearrangements. The most obvious rearrangement was the fusion resulting in human chromosome 2, reducing the human chromosome number relative to the other hominid species (Fan et al. 2002) . Inversions of large segments within chromosomes were the other major events, and most likely occurred on the chimpanzee lineage (Eichler et al. 1996 , Nickerson & Nelson 1998 . All these "pericentric" inversions (large chromosomal rearrangements in which the center portion of the chromosome containing the centromere inverts between long and short chromosome arms) are also found in the bonobo (Kehrer-Sawatzki & Cooper 2006) , which shared a common ancestor with a chimpanzee ∼2 Mya. Thus the possibility arises that these events were related to the original separation of the human and chimpanzee/bonobo lineages from a common ancestor and/or to the emergence of uniquely human features.
Several groups pursued the regions involved in the breakage and rejoining events that flank these large-scale alterations. The underlying hypothesis was that rearrangements may have disrupted and/or altered the patterns of expression of genes at or near the breakpoint regions. However, each of the regions has now been investigated, and no evidence for gene disruption or major alterations in gene expression has been found so far. Of interest has been the identification, in these same regions, of "low copy repeats" (LCRs), which are duplicated sequences specific to the species where the rearrangement occurred. These could potentially contribute to gene regulation or copy number changes. The LCRs associated with gross chromosome scale rearrangements turn out to represent a very small fraction of all LCRs, which have been recently recognized as a significant source of variation within and between species because they can show significant differences in copy number (Redon et al. 2006 ). This level of variation is likely to support major alterations in gene copy number and therefore expression, leading in principle to speciesspecific differences. Cataloging this variation in human genome polymorphism and disease, as well as in comparative genomic studies, is currently a very active area of investigation (Khaja et al. 2006 , Locke et al. 2006 , Redon et al. 2006 and has led to such interesting discoveries as polymorphic variation in susceptibility to infection by HIV (Gonzalez et al. 2005) .
Similar comparative studies of the chimpanzee genome are somewhat hampered by the current state of the sequence data, and current estimates of chimpanzee genome LCR content must be interpreted with caution owing to the draft nature of the sequence and to the lack of population data . Nonetheless, confirmed data do support differences in sequence composition between humans and chimpanzees of at least 24 million nucleotides when relatively large segments (more than 15,000 base pairs) are studied, including significant losses or gains in sequence (Newman et al. 2005) . Smaller regions with changes in sequence content are also present but are more difficult to characterize with the draft chimpanzee sequence. Some 840,000 small (fewer than 100 base pairs) insertions and deletions in the human were detected after comparison with multiple species including the chimpanzee (Chen et al. 2006 ). Many of these were found to affect known protein-coding genes in the human.
Sequence alterations are often caused by mobile elements (so-called jumping genes), which comprise almost half of the human genome. Many classes of these "transposable" elements are found in primate genomes, although the vast majority of these are no longer capable of mobilization (i.e., jumping into new sites in the genome). Although ongoing transposition is supported by a small number (tens to hundreds, depending on the type of transposon) of active copies, most transposed elements are relics of earlier events. Mills and coworkers (2006) found nearly 11,000 transposable element insertions that occurred independently in the human and chimpanzee lineages. Roughly one-third of the insertions were found within known gene regions, with the potential to alter gene expression or function. In one class of transposon (Alu sequences), the number of mobilized elements has been accelerated some threefold in the human compared with the chimpanzee (Hughes et al. 2005) . Within humans, one can find well-characterized examples of transposon insertions that functionally alter the genome. Examples include the inactivation of the CMP-N-acetylneuraminic acid hydroxylase (CMAH ) (Hayakawa et al. 2001 ) and SIGLEC13 genes (Angata et al. 2004) in the human lineage (see below). Other transposition events are polymorphic within the human species, indicating a recent origin (Cordaux et al. 2006) . Although events that are humanor chimpanzee-specific have the potential to contribute to species differences, the large numbers will require considerable effort to determine effects on local gene function(s).
GENE FAMILIES AND SELECTIVE PRESSURES
Although gene families (groups of genes derived from ancient or recent duplication events) are typically found in clusters, members can be distributed to other chromosomal locations. Expansion and contraction of gene numbers in such clusters have been postulated as drivers of evolutionary change ( Johnson et al. 2001 , Angata et al. 2004 , Birtle et al. 2005 because new gene copies are presumably free to acquire new functions, whereas the original copy carries on the primary function that was under selective pressure. An excellent human-specific example is a gene family (MGC8902) amplified in the human lineage (Popesco et al. 2006 ). This candidate was identified, using a microarray approach, after a search for sequences increased in humans relative to chimpanzees (Pollack et al. 1999) and was found to be among the most dramatically increased in copy number in humans. The family is also polymorphic in copy number among humans, ranging between 40 and 65 copies, compared with fewer than 10 in chimpanzee and bonobo and between 10 and 15 in gorilla (Popesco et al. 2006) . Copy number in Old World monkeys is much lower, and other mammals appear to have a single copy. Within copies of MGC8902 are multiple occurrences of a two-exon segment encoding a protein domain called "DUF1220," a 65-amino-acid sequence of unknown function. Genes containing coding sequences for DUF1220 domains are highly expressed in neurons, both in cell bodies and dendrites. Of further interest is the finding that such genes also exhibit strong signatures for positive selection (Popesco et al. 2006 ). These signatures are detected by comparing the ratio of nonsynonymous amino acid changing nucleotide sequences to synonymous (nonamino acid changing) ones (the so-called Ka/Ks ratio). A ratio above 1.0 is traditionally considered a signature of positive selection, 1 and some one-third of human DUF1220 domain sequences have ratios above 1.0. The data suggest expansion and selection of this gene family in primates that were greatly accelerated in the human lineage. Although the function(s) of these genes remains to be determined, these genes appear to be contenders for conferring changes on neuronal function.
Another example is the olfactory receptor (OR) gene family, comprising ∼1000-1400 members in vertebrate genomes, which is responsible for the complexities of the sense of smell. A significant fraction can be defective in a given species (e.g., ∼20% in the mouse). One striking feature of the human genome is that ∼60% of the >1000 OR genes are nonfunctional. A significantly higher percentage of chimpanzee OR genes has been maintained (Gilad et al. 2005 ), suggesting that humans came to rely less on the sense of smell, allowing mutations to accumulate under relaxed selective constraints. In contrast, smaller 1 A Ka/Ks ratio above 1.0 is traditionally considered a signature of positive selection. However, lower numbers can be meaningful. For example, whereas some amino acids of a protein are under positive selection, others remain under purifying selection, which constrains changes. Thus, the average Ka/Ks ratio of the entire protein can be misleadingly low. In some instances where proteins have distinct domains, one can define positive selection in one domain, in comparison to adjacent ones (Angata et al. 2004 ). Some sophisticated methods can even be used to define selection rates at individual amino acid positions (Yang et al. 2000) .
subsets of OR genes have expanded in each species and appear to be under positive selection, with some being polymorphic (Menashe et al. 2003) .
We can now compare sequences across the whole human and chimpanzee genomes for indications of selection. Such a scan recently defined 49 regions where the sequences are conserved among mammals but are rapidly diverging in humans compared with chimpanzees (Pollard et al. 2006 ). These were defined as human accelerated regions (HARs) and were enumerated from 1 to 49 by their order of significance, as measured by the extent of the change in the human away from the conserved consensus mammalian sequence. All but one was not a protein coding sequence. The top candidate showing the most human-specific changes (HAR1 on chromosome 20) underwent accelerated changes ∼20-fold above expectations for random events. The HAR1 locus does not contain protein-coding sequences but does, however, make RNA transcripts. One of these (HAR1F) is expressed in neurons with a role in early development of the neocortex, a brain region associated with higher cognitive functions. This suggests a role for the HAR1 locus in brain development, and possibly in differences unique to human brain development. With the growing appreciation that RNAs can function in many regulatory roles in addition to their previously known functions (Kloosterman & Plasterk 2006) , speciesspecific changes may be more easily conferred through changes of regulatory RNAs, which could affect many targets. This idea is a variation of the notion that regulatory changes might supercede alterations of individual proteins in generating species differences (King & Wilson 1975) .
EXAMPLES OF PROMISING RESULTS FROM CANDIDATE GENE APPROACHES
Just over a decade ago there were only a handful of genes with known differences between humans and chimpanzees, and it was unclear whether some of these were actually humanuniversal and human-specific. The situation has changed dramatically, and we now face an "embarrassment of riches," with many candidate genes vying for attention. Space does not allow a discussion of all of them. A recent listing can be found in Varki & Altheide (2005) , and a few examples are discussed below.
CMAH
The first human-specific genetic difference with a clear-cut biochemical outcome was an inactivating defect in the CMAH gene (Chou et al. 1998 , Irie et al. 1998 , Chou et al. 2002 . This gene encodes an enzyme (cytidine monophosphate N-acetylneuraminic acid hydroxylase) that converts one form of sialic acid, N-acetylneuraminic acid (Neu5Ac), to another, called N-glycolylneuraminic acid (Neu5Gc). Because sialic acids are attached to the surfaces of every cell in the body, this human-specific defect generates a marked difference in the human "sialome" (the sum total of all sialic acids and their presentation on cell surfaces and secreted molecules) from that of other hominids-a loss of Neu5Gc and an excess of the precursor Neu5Ac (Muchmore et al. 1998 ). This has multiple implications for the human phenotype, ranging from resistance and susceptibility to infections, to antigenic responses to animal products, to secondary effects on the immune response, and to potential effects on brain development (Varki 2001 (Varki , 2007 . The human CMAH mutation apparently occurred ∼2-3 Mya, according to analysis of sialic acids in fossils and molecular analysis of the genetic locus (Chou et al. 2002) . This occurred just prior to the emergence of the genus Homo (Wood & Collard 1999) . However, although Neanderthals (with whom humans shared a common ancestor about half a million years ago) were also lacking Neu5Gc (Chou et al. 2002) , there is no direct evidence that this was also the genotype of the ancestral Homo ergaster/erectus.
FOXP2
Studies of a family with an inherited speech production disorder resulted in isolation of a gene defective in all affected family members (Lai et al. 2001 , Vargha-Khadem et al. 2005 ). This gene, called FOXP2, encodes a known transcription factor (a protein that binds to DNA and changes gene expression). Although the normal gene was practically identical between the chimpanzee and the mouse, humans have two amino acid changes in a functional domain of the molecule (Enard et al. 2002b , Zhang et al. 2002 . Furthermore, analysis of the human gene suggested that these changes occurred within the past 200,000 years (and most likely more recently, in the time immediately preceding the large growth of human populations). Although this is not a "language gene" (as proclaimed by the media) it does seem to be involved in proper articulation of human speech and possibly in some aspects of grammar generation (Vargha-Khadem et al. 2005) . This may be one of the genes in which specific changes occurring in the human lineage contributed to the human phenotype. Indeed, mice with a disruption in a single copy of this gene showed a modest developmental delay and a significant alteration in ultrasonic vocalizations normally elicited when pups are removed from their mothers (Shu et al. 2005) . The next step is to replace the mouse gene with the human version and evaluate what changes occur.
ASPM and MCPH1
ASPM and MCPH1 are genes that when defective result in the human syndrome of microcephaly (i.e., a small head and brain). Given the unusual expansion of the brain during human evolution (Wood & Collard 1999) , it was reasonable to suggest that these genes contributed to the human phenotype. Indeed, examination of both genes shows evidence of recent accelerated evolution and positive selection (Zhang 2003; Evans et al. 2004a,b; Kouprina et al. 2004 ). Of course it is difficult to be sure that changes in these genes are responsible for the human phenotype. In this regard, an intriguing finding is evidence for single alleles that have recently swept through the human population , one possibly originating even from interbreeding with archaic Homo sapiens (Evans et al. 2006) . Again, modeling the human genotype in a mouse could help address the issue.
Siglecs
This family of cell surface molecules recognizes different types and attachments of sialic acids, with expression prominent in the immune system. The ancestral functional state of hominid Siglecs appears to have been to recognize Neu5Gc (Sonnenburg et al. 2004 ). Thus, loss of Neu5Gc expression during human evolution (due to the CMAH mutation, see above) likely resulted in a sudden loss of binding sites for several Siglecs (Varki 2007 ). This might have resulted in a "hyperimmune" state, which could have been advantageous in the short run but may have eventually precipitated substantial changes in the patterns and expression of Siglecs. For example, whereas all other hominids express multiple Siglecs on their T-lymphocytes, humans suppressed this expression. This loss of negative signaling may account for the hyperreactivity of human T cells (Nguyen et al. 2006) . Also, a human-specific "gene conversion" of SIGLEC11 occurred, in which the front portion of the gene was replaced by a sequence from a nearby pseudogene (Hayakawa et al. 2005) . Normally such events result in inactivation of the "converted" gene as well. Instead, this event maintained a functional gene that encodes a truly human-specific protein.
It also changed the binding specificity of the encoded Siglec-11 protein and resulted in new expression in brain microglia. The significance of this human-specific event is unknown, but it could reflect susceptibility or resistance to sialylated pathogens that enter the brain and/or effects on the roles of microglia in regulating aspects of neural function.
Additional human-specific changes have been found in the Siglecs (Brinkman- Van der Linden et al. 2000 , Angata et al. 2001 , Varki 2007 . Interpreting these changes must be done cautiously because some Siglecs appear to be rapidly evolving in all taxa where they have been studied. However, in every instance studied, comparison with other "great ape" out-groups indicates that the humanchimpanzee difference is specific to humans (Varki 2007) .
EXAMPLES OF PROMISING RESULTS FROM COMBINED APPROACHES
In contrast to broad genome-wide surveys and candidate gene analyses, a combined approach considers general clues about unique aspects of the human phenotype and surveys all genes potentially related to the biology of the involved system.
Skin and Appendages
Although the brain is assumed to be the organ showing the most significant changes between humans and great apes, this may not be the case. The biology of the skin and its appendages appears to have undergone more major changes (Montagna & Yun 1963 , Whitford 1976 , such as loss of hair, gain of subcutaneous fat, changes in sweat glands, and the development of fully formed female breasts (which are a specialized type of skin gland) (Oftedal 2002) , without the usual mammalian stimulus of pregnancy and lactation. Humans have lost one of the keratin genes involved in the development of hair, and the protein encoded by this gene is expressed in an unusual pattern in chimpanzee hair (Winter et al. 2001 ). However, no direct connection has been made to the obvious differences in the biology and display of hair between humans and great apes. Additionally, changes have been noted in clusters of genes involved in skin development (Chimpanzee Seq. Anal. Consort. 2005) . The field needs a systematic analysis of all genes involved in the development and maintenance of skin.
Brain
Researchers took two types of approaches with regard to the brain. The first looked for unique patterns of gene expression in the brain, by comparative studies of messenger RNA expression (Enard et al. 2002a , Caceres et al. 2003 , Gu & Gu 2003 , Khaitovich et al. 2004 , Preuss et al. 2004 , Uddin et al. 2004 . Although these studies have yielded many tantalizing clues, no single candidate gene emerged, and some controversy about interpretations has developed. A parallel effort focused on a collection of several hundred genes known to be involved in brain development, making comparisons between humans, monkeys, mice, and rats (Dorus et al. 2004 ). In comparison with other tissues, the genes involved in brain development did indeed showed more evidence for accelerated changes and evidence of positive selection in the human lineage.
Muscles
Another unexplained difference between humans and great apes is the apparent loss of muscle strength in humans. A myosin gene prominently expressed in jaw muscles is inactivated in humans, apparently ∼2 Mya (Stedman et al. 2004 ) (although not all investigators agree with this timing) (Perry et al. 2005) . The original authors speculated that loss of this gene could explain the marked reduction in the size and area of attachment of the jaw muscles in humans and that this reduction of muscles permitted evolution of a large brain, by relaxing physical constraints on cranial expansion. Although the first idea remains plausible, the second appears a bit far-fetched, because so many other factors determine the development of a large brain, including the expression of genes mentioned above and the delay in closure of the cranial sutures that bind together the bones of the human skull www.annualreviews.org • Hominid Genomics (Cohen 1991) . As human ancestors switched to a less herbivorous diet, the loss of MHY16 and jaw muscle strength might have been inconsequential and simply allowed the mutation to drift to fixation (Currie 2004 ).
Reproductive Biology
Another system showing striking differences between humans and apes is the reproductive tract. Apart from the marked differences in breast development mentioned above, other differences can be found, such as the massive skin swellings of fertile female chimps, the different structure and size of the penis, and the relative size of the testes (Harcourt et al. 1981) . Human female reproduction is also characterized by loss of obvious signals regarding the timing of ovulation (Nunn 1999) and an apparent increase in menstrual blood loss, which may explain the high frequency of iron deficiency anemia in the human female (Newman 2006) . These and other changes suggest that studies of reproductive biology genes should be fruitful; however, to date these studies have been limited.
Immunity
Humans and great apes display multiple immunological differences, such as the Siglec changes and hyperreactivity of T lymphocytes mentioned above, the apparently high frequency of autoimmune disease (Varki 2000) , and the loss of the CASPASE12 gene (Wang et al. 2006) . Although a systematic survey is worthwhile, one must remember that the immune system is rapidly evolving in all taxa and that some differences are to be expected.
RELATING GENOMIC TO PHENOMIC DIFFERENCES IN THE CONTEXT OF ENVIRONMENTAL INFLUENCES
Even with complete high-resolution genomes of humans, chimpanzees, other hominids, and other primate species, it will be difficult to derive meaningful conclusions about human evolution without considering the relevant phenotypic differences and the impact of the environment on generating these differences. As discussed above, paucity of information regarding the "phenome" of the other living hominids is remarkable. [The term phenome has been used in many publicationse.g., Mahner & Kary (1997) , Varki et al. (1998) , Paigen & Eppig (2000) , Nevo (2001) , Walhout et al. (2002) , Freimer & Sabatti (2003) -but still lacks a universally accepted definition. Discussions with others who have used the term suggest the following definition: The body of information describing an organism's phenotypes, under the influences of genetic and environmental factors.]
Thus, regardless of how much information we have about the human phenome (Freimer & Sabatti 2003) , we will be unable to relate the genomic differences to features of the human phenotype without equivalent information on the phenome of the great apes. We and others have therefore suggested a great ape phenome project, in which the phenotypic features of the great apes would be cataloged and compared with those of humans, accounting for effects of other factors, such as the environment , McConkey & Varki 2005 . From the point of view of understanding human origins, it makes sense to focus first on systems wherein there appear to be major differences between humans and other hominids, such as in the nervous, immune, and reproductive systems, in the skin, etc. However, such a focused approach might miss other differences. We need a catalog of all differences not only in normal physiology and homeostasis, but also in diseases, where there appear to be some marked disparities (Varki 2000 , Olson & Varki 2003 , Varki & Altheide 2005 . Studies of these differences could help us understand unique features of the human phenotype.
Such phenotypic data rely on studies of great apes both in captivity and in the wild. Each setting has its advantages and disadvantages. Although some feel that studies done outside the "natural condition" are irrelevant, this is not necessarily the case. After all, we humans are no longer living in our "natural" environment, and comparisons with great apes living in enclosed spaces may actually be relevant because we have "selfdomesticated" and also live in enclosed spaces. Studying captive great apes also offers better access to physiological, biochemical, cellular, and molecular information that emerges from their medical care. Unfortunately, most great apes other than chimpanzees have been moved to small groups in zoos, where such information is collected to a limited extent and/or is not easily accessible. Meanwhile, populations of captive chimpanzees in the United States are rapidly dwindling because of a government-enforced moratorium on breeding (VandeBerg & Zola 2005 , Cohen 2007 ). This moratorium originated not only in fiscal issues, but also in the realization that chimpanzees are no longer considered by many to be ethically suitable subjects for invasive experimentation (Gagneux et al. 2005 , Cohen 2007 ). It has nevertheless served to stifle all forms of research aimed at understanding chimpanzees, even via approaches that most investigators would consider ethical. Finally, there is limited use in having the genomic DNA sequence of a chimpanzee if one does not also know which RNAs, proteins, lipids, and glycans are being expressed in which tissues, and at what stage of development. This research could be approached with noninvasive studies using easily accessible materials such as the blood, and also via autopsy, when chimpanzees die of natural causes or are euthanized because of terminal suffering.
ETHICAL, LEGAL, AND SOCIAL ISSUES
The Human Genome Project was accompanied by funded programs in ethical, legal, and social issues. This was not done, however, for the Chimpanzee Genome Project. Although the issues are less complex, concerns have arisen (Gagneux et al. 2005) . For example, should this information be used to design genetic experiments in apes, such as selective breeding, transgenic modification, or gene knockouts? The answer should surely be no. Second, should this information provide an impetus for markedly increased research on chimpanzees and other great apes? The answer here is a guarded yes, with a proviso that the types of experiments done should probably follow ethical principles generally similar to those used in the study of humans. After all, there is limited value in doing a study on a chimpanzee if the results cannot be compared with a similar study in humans. In reality, there is a wide spectrum of opinions about the ethical issues related to the management and utility of chimpanzees in captivity (Brent 2004 , Gagneux et al. 2005 , VandeBerg & Zola 2005 , Cohen 2007 . While this debate is ongoing, major funding agencies have unfortunately either banned all research on captive chimpanzees (as in many European countries) or halted all breeding (as in the United States). It is fitting to ask what would be the reaction to a complete ban on all research on human subjects. Worse still, the moratorium will eventually result in decimating the population of captive chimpanzees in the United States (Cohen 2007) . This would be a sad loss, especially if there is a parallel loss of the chimpanzee population in the wild because of other unrelated human activities, such a deforestation and bush-meat trading.
FUTURE PROSPECTS
Sequencing of the chimpanzee genome raised a great deal of expectations. In fact, although it is a powerful resource and an extremely useful database, it is also nothing more than a "parts list." Furthermore, the number of genomic differences between the human and chimpanzee genome is quite substantial, and much work needs to be done before we even begin to approach the original question of anthropogeny, i.e., explaining the human phenotype and the origin of humans. Regardless, with the ongoing sequencing of several other primate genomes one can anticipate rapid progress.
Even if a single gene or set of genes is clearly different between humans and great apes and the data are completely consistent with some aspects of a biological difference, it remains a challenge to prove the case conclusively. One approach is to discover a human mutant in the relevant gene. However, it is not obvious how to search for such human mutants because the effects of gene dysfunction or loss might be much more complex than predicted by the hypothesis arising from the study of a gene. A second approach is to deliberately model a specific human genotype in animals. To do this in any great ape would be not only impractical and enormously expensive, but unethical in the minds of most scientists. Great challenges exist in carrying out transgenic studies in other primates because this technology is very poorly developed, and the generation time of most primates is too long to complete such studies within the scientific lifetime of an investigator. The mouse then is the currently optimal system in which to carry out genetic manipulations because the technology is well developed and continues to be feasible. Of course, a mouse is not a primate, and mimicking the human genotype in the mouse does not recapitulate what would have happened if the same genetic event had occurred in the hominid lineage. Regardless, this seems at the moment to be the most practical and rational way to proceed.
Finally, even if we had an extensive catalog of specific genetic changes that occurred in the human lineage, and could find reason-able evidence from human mutants or induced mouse mutants to support resulting hypotheses, the story will remain incomplete until we know the timing of occurrence and fixation of each genetic change during human evolution. This has been achieved only in a few instances, taking advantage of studies of fossils or molecular fossils, i.e., the inactivated genetic locus. Examples include the timing of inactivation of the CMAH gene (done by studying sialic acids in fossils and the sequences of the inactivation region) (Chou et al. 2002) , and the FOXP2 gene (done by comparing genomes of human populations) (Enard et al. 2002b , Zhang et al. 2002 . Indeed, if all genetic differences between humans and chimpanzees specific to the human lineage were defined and the timing of each of these genetic events could be established within the past six to seven million years, the story would almost tell itself. As such a database is developed it will also be important to address currently popular "umbrella" theories that claim to explain many aspects of human uniqueness with a single cause or biological process (Langdon 1997) . Any such analysis must account for these abovementioned issues of timing.
The evolutionary origin of humans is not likely to be fully explained within our lifetimes. Nevertheless, the prospect of being able to approach this grand challenge using genomic information is truly exciting, and investigators will probably find many interesting surprises ahead. To use a clichéd phrase, this is "not the beginning of the end, but the end of the beginning" in this great adventure.
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Figure 1
Explaining humans: a multidisciplinary approach. This review is focused on the use of comparative genomics to help explain the origin of humans and unique aspects of our current phenotype. However, any approach to this question must be a multidisciplinary one, which accounts for all relevant information from all areas of human knowledge. This figure attempts to summarize such an approach. Some of the approaches are more important and/or have a stronger support database than do others.
